
Synthesis of Ni-Rich Layered-Oxide Nanomaterials with Enhanced
Li-Ion Diffusion Pathways as High-Rate Cathodes for Li-Ion Batteries
Ming Jiang, Qian Zhang,* Xiaochao Wu, Zhiqiang Chen, Dmitri L. Danilov, Rüdiger-A. Eichel,
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ABSTRACT: Ni-rich LiNi0.6Co0.2Mn0.2O2 nanomaterials with a
high percentage of exposed {010} facets have been prepared by
surfactant-assisted hydrothermal synthesis followed by solid-state
reaction. Characterization by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM) confirmed
that the particles have enhanced the growth of nanocrystal planes
in favor of Li-ion diffusion. Electrochemical tests show these
cathode materials endow a large Li-ion diffusion coefficient, which
leads to a superior rate capability and cyclability, suggesting these
cathode materials are highly beneficial for practical application in
Li-ion batteries.
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1. INTRODUCTION

During the past decades, lithium-ion batteries (LIB) have been
intensively studied as one of the most promising candidates for
complementing fossil fuels in the energy storage field.1−3 Up to
now, LIB have successfully powered numerous electronic
devices in practical applications, not only portable devices such
as laptops, mobile phones, and cameras but also large-scale
appliances such as electric vehicles (EV).4,5 Smart grid systems
are also considered as a potential market for LIB, as these
batteries can cater to the needs of load balancing,
uninterrupted power supply, and peak leveling at low cost.
To be compatible with the ever-growing industrial

applications, there exists a high demand to pursue batteries
with larger storage capacity, extended cycling performance, and
better safety for future generations of energy storage.6

Compared with the anode side, which can easily achieve a
specific capacity of 4200 mAh g−1 (Si),7,8 994 mAh g−1 (Sn),9

or 782 mAh g−1 (SnO2),
10 optimization of the cathode side is

always the bottleneck in LIB studies. Among the various
cathode materials, Ni-rich layered transition-metal mixed-oxide
LiNixCoyMn1−x−yO2 (NCM, x > 0.5) has drawn intense
attention in investigating high energy density, low cost, and
reduced Co content cathode materials.11,12 Within the class of
Ni-rich cathode materials, LiNi0.6Co0.2Mn0.2O2 displays a
better Li-ion diffusion behavior with negligible temperature
dependence as well as an optimal balance between high energy
density and cost efficiency.13−15 However, despite the above
merits, as the member of Ni-rich NCM cathodes,
LiNi0.6Co0.2Mn0.2O2 is still suffering from several drawbacks.

Further improvements and optimization are therefore neces-
sary to utilize its full potential as next generation of cathode
materials in LIB.
It has been established that cation disorder and volume

expansion during Li-ion (de)intercalation are mainly respon-
sible for the intrinsically poor rate capacity and moderate
cycling stability of Ni-rich NCM cathodes.16,17 Conventional
NCM materials have a morphology with microsized, spherelike
structure, in which crystal facets are randomly oriented and
densely aggregated. Because of this disordered orientation, the
intergrain stress, which mainly occurs at the grain boundaries,
will be deteriorated along with volume expansion, which may
provoke the development of cracks and eventually lead to
inferior electrochemical performance.18 Several strategies have
been employed to overcome these problems, such as cation
doping,19,20 surface coating,21−23 and structure modification.24

However, cation doping and surface coating are always at the
expense of energy density, as the introduced compounds are
typically electrochemically inactive.25 As the NCM material
properties are strongly dependent on the microstructure, it has
been identified that architecture control is crucial for
promoting Li-ion transport within the electrodes, thereby
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improving the electrode performance without compromising
the energy density of NCM cathodes.
Ni-rich NCM cathode materials have a layered hexagonal

structure with R3m space group. The Li-ion diffusion channels
are oriented two-dimensionally, parallel to the Li layers along
the a- and b-axes. Hence, in the hexagonal crystal, Li-ion
diffusion active facets are denoted by {010}, consisting of
(010), (010), (100), (110), (110), and (100) facets. The
(001) and (001) facets, perpendicular to the c-axis, are closely
packed by MO6 (M = Ni, Co, Mn) octahedra, which hinder Li-
ion transport and can therefore be considered as inactive Li-ion
diffusion facets.26−29 Based on the understanding of the NCM
crystal structure, the efforts of structure modification are
generally aiming at the fabrication of high-ratio {010} facets
exposed materials. However, this is difficult to achieve as the
NCM nanomaterials are dominated by {001} facets. This is
related to the much lower surface energy of {001} facets, while
the {010} facets are easily vanished during the synthesis
process. Although various surfactants, such as polyvinyl-
pyrrolidone (PVP)30,31 and sodium dodecyl sulfate (SDS),32

have been applied to synthesize favorable NCM crystals,33 it
still remains a challenge to structurally and morphologically
control the growth conditions.
Herein, we designed and successfully synthesized Ni-rich

LiNi0.6Co0.2Mn0.2O2 nanomaterials with a unique nanobrick
NCM morphology (NB-NCM), which endows a significantly
exposed ratio of high-energy {010} facets. A facile hydro-
thermal method was used in the synthesis, and a new type of
surface-active agent cetyltrimethylammonium bromide
(CTAB) has been introduced to control the particle growth.
TEM measurements showed that the lateral surfaces of NB-
NCM are active {010} facets. These highly exposed {010}
facets accordingly resulted in favorable Li-ion diffusion
coefficients. Consequently, the NB-NCM electrode materials
demonstrated an enhanced rate capability, higher cycling
stability, and fast charging characteristics compared to
commercial NCM cathode materials. In addition, ordered
structural orientation in NB-NCM microparticles displayed
crack-free surfaces even after long-term cycling due to the
moderate inner-grain stress induced by volume expansion.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. Synthesis of transition metal (TM)

hydroxide precursor: the precursor was prepared by a hydrothermal
method. Typically, 0.1 M TM-acetate (molar ratio of Ni(CH3COO)2·
4H2O, Mn(CH3COO)2·4H2O, and Co(CH3COO)2 is 6:2:2), 0.2 M
urea, and 0.1 M CTAB were evenly stirred in a mixed solution of
deionized water and ethanol (volume ratio 1:1). After vigorous
stirring, the reactant solution was transferred into the Teflon-lined
stainless-steel autoclave. The autoclave was sealed and maintained in
an oven at 150 °C for 5 h. After the reaction had been completed, the
precipitate was washed and centrifuged three times by deionized
water and dried overnight in an oven at 80 °C.
Synthesis of NB-NCM material: the as-prepared TM hydroxide

precursor was thoroughly mixed with LiOH·H2O in an agate mortar
and calcinated at 500 °C for 4 h and at 750 °C for 10 h in air.
Commercial LiNi0.6Co0.2Mn0.2 (C-NCM), used as reference material,
was obtained from Tianjin B&M Science and Technology Co., Ltd.,
China.
2.2. Material Characterization. Scanning electron microscopy

(SEM) images were taken on a Quanta FEG 650 (FEI, USA)
environmental scanning electron microscope operated at a voltage of
20 kV. X-ray diffraction (XRD) measurements were performed
between 10° and 80° using Cu Kα radiation using an EMPYREAN X-
ray diffractometer (Panalytical, Netherlands). The collected XRD

intensity data were analyzed by FullProf Suite refinement software.
Standard data of LiNiO2 (ICSD_153550) and the “Profile Matching”
configuration were applied in the analyses. Transmission electron
microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED) measure-
ments were performed by using a Tecnai F20 (FEI) transmission
electron microscope at an acceleration voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) is performed by an Thermo
Scientific K-Alpha instrument with a monochromatic X-ray source (Al
Kα).

2.3. Electrochemical Measurements. The electrochemical
performance was tested in Swagelok cells. The electrode slurry was
a mixture of the active electrode materials, carbon black (Super P, Alfa
Aesar), and poly(vinylidene fluoride) binder (PVDF, Sigma-Aldrich)
at the weight ratio of 8:1:1. The mixture was then dissolved in N-
methylpyrrolidone (NMP) solvent. The slurry was uniformly coated
onto an aluminum foil, dried overnight at 90 °C, and then cut into
discs of 12 mm diameter. Metallic lithium metal was used as both
counter and reference electrode. 1 M LiPF6 in a 1:1 mixed solvent of
ethylene carbonate (EC)/dimethylcarbonate (DMC) LP30, BASF,
USA) was used as electrolyte.

All electrochemical tests were performed in an MKF120 climate
chamber (Binder, Germany) by using a VMP3 potentiostat (Bio-
Logic, France). Galvanostatic charge/discharge cycling was operated
in the voltage range of 3.0−4.3 V vs Li+/Li. Cyclic voltammogram
(CV) tests were operated in a voltage window of 3.0−4.3 V vs Li+/Li
at a scan rate of 0.1 mV s−1. Electrochemical impedance spectroscopy
(EIS) tests were conducted with an amplitude of 10 mV in the
frequency range of 10−100 kHz. Galvanostatic intermittent titration
(GITT) measurements were performed by using a small current of
0.05 C. The duration of each current pulse was 15 min and was
followed by a 60 min resting period.

3. RESULTS AND DISCUSSION
The TM hydroxide precursor and NB-NCM material are
schematically shown in Figure 1a. The precursor with
nanoplate morphology serves as a skeleton in the subsequent
calcination process. The porous morphology with three-
dimensional widely opened pathways promotes Li-ion (de)-
intercalation during the high-temperature solid-state reaction.
The final NB-NCM product with exposed {010} facets
maintained the original crystal structure for the Ni-rich
cathode as indicated in Figure 1a. The morphologies of the
TM hydroxide precursor and NB-NCM are shown in the
scanning electron microscope (SEM) images of Figure 1b,c
and Figure S1. Because of the adsorbate-directed reaction
nature of the cationic surfactant CTAB, the precursors adopted
the nanoplate architecture with an average diameter of around
1 μm and assembled randomly into a spherelike morphology.34

The CTAB molecules can effectively stabilize the surface
energy of high-energy facets and guarantee the exposure of
significantly increased number of {010} facets. After the
lithiation reaction, the final NB-NCM product maintained a
nanoplate architecture similar to that of the precursor. The as-
grown nanobricks possess smooth surfaces and enhanced
sidewalls. The thickness of these nanobricks is about 100 nm,
which provides a high number of exposed {010} facets in
contrast to commercial C-NCM materials with irregularly
oriented particles (Figure S2). Upon comparison of Figures 1b
and 1c, it is worthwhile to note that the thickness of the final
product had increased significantly after the calcination
process, which might be due to multilayer plate merging
during the high-temperature reaction. The optimized structure
provides not only fast Li-ion-transfer pathways during the
(dis)charging process but also effective electrolyte penetration
into the porous electrodes and, in addition, reduces the grain
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stress between the electrode particles during the (de)lithiation
process. Figure 1d,e shows an example of element mapping
results within a single NB-NCM particle. It is found that the
Ni, Co, and Mn atoms are uniformly distributed. Energy-
dispersive X-ray spectroscopy (EDS) reveals that the ratio of
the metal atoms is 42.6:12.7:12.3, which is close to the
designed metal precursor proportions (Figure S3).
Structural characterization of TM hydroxide precursor and

NB-NCM has been performed by X-ray powder diffraction
(XRD) and are shown in Figure S4 and Figure 2a, respectively.
The peaks in the XRD patterns for TM hydroxide precursor
can be assigned to typical M(OH)2 compounds where M refers
to Ni, Co, or Mn (Figure S4). Figure 2a confirms the high
crystallinity of NB-NCM as it does not reveal any impurities.
All diffraction peaks can be precisely indexed with an α-
NaFeO2 layered structure with R3m space group. The
distinctly separated peaks (003)/(104) and (110)/(018)
indicate their well-crystallized layered structure. According to
the calculated results, the intensity ratio of (003)/(104) of NB-
NCM from the refined pattern is about 1.74, which is higher
than that of the commercial C-NCM material (1.53 in Figure
S5), implying the negligible cation mixing disorder.16 Addi-
tionally, NB-NCM shows a slightly higher intensity ratio of
1.12 for (110)/(018) compared to C-NCM. These results
exhibit the enhanced growth of {010} facets in NB-NCM,
which must be attributed to the surfactant-assisted synthesis.
The lattice parameters of NB-NCM and C-NCM as obtained
from the Rietveld refinements are listed in Table S1 of the
Supporting Information. The similar parameter values suggest
that the synthetic optimization has only little effect on the
materials lattice structure and that the real difference is related
to the materials morphology.

To elucidate more detailed crystalline information about
NB-NCM, TEM, HRTEM, and SAED studies were performed
of an individual nanosheet (Figure 2). Figures 2c and 2d
represent the HRTEM images of a lateral and front panel of a
nanosheet, respectively. The observed apparent lattice fringes
with interplanar spacings of 4.76 and 2.46 Å can be assigned to
the (003) and (010) planes, respectively, suggesting that the
nanosheets were growing along the c-axis. Combined with the
SAED patterns, shown in Figure 2e,f, it can be concluded that
the obtained NB-NCM nanosheets consisted of a (001) front
panel and a (010) plane exposed on the lateral panel.
Conclusively, these layered-structured cathode materials reveal
two-dimensional Li-ion diffusion pathways perpendicular to
the (010) plane, and this might favorably enhance the rate
capability and power density of NB-NCM catho-
des.28,30,31,33,35,36

X-ray photoelectron spectroscopy (XPS) has been per-
formed on both NB-NCM and C-NCM to analyze the
oxidation states of the chemical elements at the surface of the
nanosheets. Figure 3a shows that Ni presents a mixture of two
valence states for Ni2+ and Ni3+. The peaks at 854.3 and 860.8
eV can be attributed to Ni2+ (2p3/2) and Ni2+ (2p1/2),
respectively, while that located at 855.9 eV relates to Ni3+

(2p1/2).
37 Interestingly, NB-NCM shows a relatively higher

Ni2+ ratio in comparison with the C-NCM sample. According
to previous studies, a NCM cathode material tends to be

Figure 1. (a) Schematic representation of the TM hydroxide
precursor and NB-NCM after calcination. SEM images of (b) the
TM hydroxide precursor and (c) the NB-NCM product. (d)
Magnified SEM image of a single NCM nanobrick. (e) EDS element
mapping of a single nanobrick.

Figure 2. (a) Refined XRD patterns of NB-NCM. (b) TEM image of
a single NB-NCM nanosheet. (c) HRTEM image of a lateral panel
and (e) corresponding SAED pattern. (d) HRTEM image of a front
panel and (f) corresponding SAED pattern.
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structurally more stable at higher Ni2+ content at the surface.38

Figure 3b reveals the XPS spectra of Co 2p, where the peaks at
780.2 and 795.4 eV correspond to Co3+ (2p3/2) and Co3+

(2p1/2), respectively, implying that the most dominant cobalt
oxidation state is Co3+.39 Additionally, the Mn 2p spectra
indicate a mixture of Mn3+ and Mn4+ in both NB-NCM and C-
NCM (Figure 3c).40 In conclusion, these XPS results show
almost identical valence states for NB-NCM and C-NCM,
except for the Ni spectra: NB-NCM shows that the surface is
enriched with Ni2+, which might contribute to the better
stability of these electrodes as will be shown below.
The electrochemical performance of both the NB-NCM and

C-NCM material has been investigated to evaluate the
structural advantages of NB-NCM to be applied as cathode
material in LIB. Figure 4a shows the cycling stability of NB-
NCM and C-NCM electrodes in the voltage range of 3.0−4.3
V at 1 C rate (1 C = 200 mA g−1). Both samples were charged
with a constant current up to 4.3 V followed by a constant
voltage period of 30 min. The discharge was performed with a
constant current. The mass loadings for both samples were the

same, around 2 mg cm−2. A sharp capacity drop occurs for
both electrodes during the first cycle due to the activation
process, resulting from the Li(OH) residue formed during the
synthesis. After activation, the NB-NCM electrode combines a
high initial capacity of 161 mAh g−1 with a high capacity
retention of 86.9% after 100 cycles (141 mAh g−1). The
Coulombic efficiency maintains close to 100%. In comparison,
the C-NCM electrode delivers a comparable initial storage
capacity of 156 mAh g−1, but the capacity degrades much
faster. This distinct contrast between the two electrodes
indicates that the cathode with an ordered oriented
architecture is more stable upon cycling.
The rate capability is another limiting factor highly relevant

for practical use in LIB. Figure 4b shows the influence of the
current (0.1, 0.2, 0.5, 1, 2, 5, and 10 C) on the electrode
storage capacity. The initial storage capacity of 180.6 mAh g−1

for the NB-NCM electrode at 0.1 C is reduced to 98.6 mAh
g−1 at 10 C rate but can almost be fully recovered to 175.5
mAh g−1 at 0.1 C after 50 cycles, which shows a significantly
better rate capability compared to that of C-NCM.

Figure 3. XPS spectra of (a) Ni 2p, (b) Co 2p, and (c) Mn 2p in as-prepared NB-NCM (upper curves) and C-NCM (lower curves).

Figure 4. (a) Cycling performance of NB-NCM and C-NCM electrodes at 1 C rate. (b) Rate capability at various indicated C-rates. (c) EIS plots
of both fresh and cycled electrodes (inset are zoom-in plots in the high-frequency region and analyzed equivalent circuit). (d) Constant current
voltage (dis)charge curves in the first and second cycle. (e) CV curves of the first and second cycle at a scan rate of 0.1 mV s−1. (f) Differential
capacity curves of the constant current curves of (d) in the first and second cycle.
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These electrochemical results demonstrate that the as-
prepared NB-NCM material is intrinsically superior with
respect to both the cycle stability and rate capability, especially
at high rates. On the one hand, the nanobrick electrode
morphology will endure moderate stress during long-term
cycling, thus providing improved stability. On the other hand,
the structure with a high percentage of exposed {010} facets
offers more Li-ion diffusion channels, which is beneficial for
the fast (dis)charge performance.
Electrochemical impedance spectroscopy (EIS) has been

performed with both electrodes to investigate the charge-
transfer resistance in pristine and cycled electrodes (Figure 4c).
Measurements are applied after every ten cycles for each
battery. As shown in Figure S6, it is evident that NB-NCM
reveals an ∼4 times lower charge-transfer resistance in contrast
to C-NCM during cycling. For instance, Rct of NB-NCM is
around 35 ohm after 100 cycles, while that of C-NCM is 137
ohm. The excellent charge-transfer kinetics of NB-NCM
results from the modification of the surface chemistry, as
demonstrated by XPS, and the ability to keep the structural
stability upon electrochemical cycling.
To further explore the electrochemical behavior of both

electrodes, the first two voltage charge−discharge curves are
shown in Figure 4d (at 0.1 C in the voltage range of 3.0 to 4.3
V). Both NB-NCM and C-NCM deliver a comparable

discharge capacity of 178.9 mAh g−1 and 177.3 mAh g−1,
respectively. C-NCM presents a sharp peak during the initial
stages of the first charge cycle, which is related to Li2CO3 and
Li(OH) residues at the Ni-rich electrode surface.32 At the
beginning of the first and second charge curves, the NB-NCM
cathode displays a significantly lower voltages of around 50 mV
compared to those of the C-NCM electrode (130 mV). This
indicates that the deintercalation of Li ions from the NB-NCM
electrode is indeed more facile. Cyclic voltammetry (CV) has
also been performed to study the oxidation and reduction
peaks of the electrode materials. As indicated in Figure 4e,
both samples have a couple of oxidation and reduction peaks,
which represent the delithiation and lithiation processes,
respectively. Notably, in the second cycle, the separation
between the oxidation and reduction peak is around 18 mV for
the NB-NCM cathode, while the value for C-NCM is 55 mV.
The substantially reduced voltage separation for NB-NCM
demonstrates a decreased electrochemical polarization in
contrast to the C-NCM cathode.41 Corresponding differential
capacity vs voltage (dQ/dV) curves obtained from Figure 4d
are also provided in Figure 4f. The dQ/dV curves are in good
agreement with the measured CV curves, except that the
oxidation peak splits into two peaks, revealing the actual phase
transitions of cathodes. During the first cycle both electrodes
exhibit a sharp oxidation peak which is related to the activation

Figure 5. (a) GITT curves for both electrodes as a function of time. (b) dE dδ−1 and dE dt−1/2 plots as a function of SOC. (c) Calculated DLi
+

values as a function of SOC. (d) Fast-charging capability of NB-NCM electrode (inset shows fast charging stability of both electrodes at 20 C rate).
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process. After activation, two secondary oxidation peaks appear
during the deintercalation process, denoted as peaks A and B.
According to previous studies, peaks A and B have been
identified as phase transition from hexagonal (H1) to
monoclinic (M) and monoclinic (M) to hexagonal (H2).42

In accordance with the CV curves of the second cycle, lower
oxidation peaks and smaller voltage separation between the
oxidation and reduction peaks are observed for the NB-NCM
electrode.
GITT is a reliable method to evaluate the diffusion

coefficient (DLi
+) of lithium ions inside electrode materials.

Figure 5a displays typical GITT curves for both electrodes as a
function of time with an applied current of 0.02 C in the
voltage range of 2.0−4.3 V. The DLi

+ values can be calculated
according to eq 1, which has been derived from Fick’s second
law43−45
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where VM [cm3 mol−1] is the molar volume of the electrode
material, F [C mol−1] the Faraday constant, S [cm2] the area of
the electrode−electrolyte interface, I [A] the applied current
during the titration process, L [cm] the electrode thickness, E
[V] the equilibrium voltage, and δ the stoichiometric index in
LiδMeO2. In eq 1, two differential factors dE/dδ and dE/d√r
are the most crucial values in the calculations. Both derivatives

are estimated by finite differences, e.g., ≈
δ δ

Δ
Δ

E Ed
d

, where ΔE is

the decrement of the equilibrium voltage during titration
period and Δδ is the change of the electrode stoichiometry
caused by coulometric titration. ΔE can be found from the
voltages observed at the end of relaxation periods after each
two subsequent titrations. Δδ obeys

δ
τ

Δ =
I M
zm F

B

B (2)

where τ [s] is the time interval of the current titration, MB [g
mol−1] the atomic weight of the electrode material, z [−] the
valence number of Li ions, and mB [g] the mass loading of

active material in the electrode. Similarly ≈
τ τ

Δ
Δ

E Ed
d

, where

Δ√r is the increment of the square root of the current
titration time. Both differential factors during the discharging
process are shown in Figure 5b as a function of SOC for the
two electrodes. The calculated values for DLi

+ are summarized
in Figure 5c as a function of SOC. The NB-NCM electrode
reveals DLi

+ values in the range from 3.0 × 10−13 to 6.45 ×
10−11 cm2 s−1, while those of C-NCM are significantly lower in
the range of 6.74 × 10−15 to 3.96 × 10−11 cm2 s−1. It can be
concluded that the NB-NCM electrode clearly shows higher
DLi

+ values compared to those of the C-NCM electrode.
The higher Li-ion diffusion coefficient is also in favor for the

fast-charging performance of the NB-NCM electrode. As
shown in Figure 5d, an ultrahigh charging current of 20 C and
a relatively low discharging current (0.2 C) are applied to both
electrodes to evaluate their fast-charging storage capacity. The
charging time is estimated at around 2.5 min. The inset of
Figure 5d shows a sharp distinction in extracted capacity
between NB-NCM and C-NCM. NB-NCM still maintains
93.3% capacity after 20 cycles, while the performance of C-
NCM deteriorates severely, and only 68.5% capacity remains
after cycling. Another possible conclusion is These results in

terms of high DLi
+ and excellent fast-charging ability of NB-

NCM illustrate that a well-designed structure with the same
orientation and high exposure of active {010} facets
contributes to the enhanced electrochemical performance.
This architecture can not only promote the Li+ diffusion but
also withstand the Li+ intercalation and deintercalation
behavior even at high current densities.
The electrodes after long-term cycling are disassembled and

characterized by cross-sectional SEM. It has been reported that
crack formation occurring inside the particles is the main
reason leading to the capacity decay during cycling. Figure 6a,b

shows the morphology of postcycled C-NCM and NB-NCM
particles. The small residues attached at the particle surface are
carbon black, used during the cathode slurry preparation. The
cycled C-NCM has extensive cracks throughout the surface, as
emphasized by the arrows, suggesting anisotropic volume
expansion inside the particles during Li+ insertion and
extraction. On the other hand, the structure of the cycled
NB-NCM particle remains intact and crack-free at the surface.
To study structural changes inside the particles after long-

term cycling, randomly selected particles were selected and
subjected to focused-ion beam (FIB) processing. Figure 6c
shows further fracturing inside the C-NCM particle. Cracks
inside the C-NCM particles result from internal grain stress
induced by the anisotropic volume change during (dis)-
charging. The as-formed cracks then block the electronic
connection between the particles and consequently sacrificed
parts of the active material. The electrolyte will also penetrate
through the cracks and accelerate the formation of
contaminating layers, such as LixCO3 and LiOH, resulting in
the observed capacity losses.45 On the contrary, the NB-NCM
electrode reveals a well-preserved intrinsic architecture over
the same cycling period (Figure 6d and Figure S9) because of
the ordered orientation of morphology and accordant volume
change of each primary nanobrick. Besides, the unique

Figure 6. SEM images of (a) an C-NCM particle and (b) NB-NCM
particle after cycling. SEM images of the cross section of (c) an C-
NCM particle and (d) NB-NCM particle.
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structure with improved Li-ion diffusion coefficient is in favor
of the homogeneous formation of the inevitable contaminating
layer and contributing to the alleviated capacity decay during
cycling.

4. CONCLUSIONS
In summary, Ni-rich LiNi0.6Co0.2Mn0.2O2 cathode materials
with a well-structured nanobrick morphology have been
developed by using a facile surfactant-assisted hydrothermal
method followed by solid-state reaction. HRTEM and
corresponding SAED analyses validate the crystal facet
orientation of the nanobrick LiNi0.6Co0.2Mn0.2O2 cathode
and show the exposed active {010} facets in the particles,
which can facilitate the presence of Li-ion diffusion tunnels and
improve the Li-ion diffusivity. Benefiting from the structural
advantage, the nanobrick LiNi0.6Co0.2Mn0.2O2 cathode dem-
onstrates a more favorable Li-ion (de)intercalation reaction
kinetics, promising discharge rate capability and stable cycling
performances compared with the commercial sample. Addi-
tionally, faster reaction kinetics also endowed the NB-NCM
material the ability of the fast-charging property, showing the
high potential for practical applications in the Li-ion batteries.
However, it is noteworthy that the tap density for this
nanostructured material has not been improved due to its
porous structure. To further improve this as well as to maintain
the exposure of high-energy facets, we do need to find more
suitable pathways. One possible way would be to apply a
modified coprecipitation method, carefully control the
concentration of precipitant, and/or introduce new reagents
and surfactant into the synthesis process.27,41 In this way, we
can ultimately facilitate the agglomeration of small secondary
particles and improve the compactness of the materials.
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Jülich, Germany; Polymer Technology Group Eindhoven (PTG/
e) B.V., 5600 HG Eindhoven, The Netherlands

Zhiqiang Chen − Eindhoven University of Technology, 5600
MB Eindhoven, The Netherlands; IEK-9, Forschungszentrum
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Rüdiger-A. Eichel − IEK-9, Forschungszentrum Jülich, D-52425
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